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Summary 
We have studied spatial Ca*+ distribution in hair cells 
filled with the low affinity fluorescent indicator Cal- 
cium Green 5N using real-time confocal microscopy 
and whole-cell recording. During depolarizations last- 
ing several hundred milliseconds, CaZ+ fluorescence 
increased at a number of hotspots around the base of 
the cell but changed little near the hair bundle. The 
hotspots required influx of Ca2+ through voltage- 
dependent channels, and they expanded during the 
pulse from an initial diameter of <l pm. Strong Ca2+ 
buffers like BAPTA slowed their growth rate. On repo- 
larization, the fluorescence decayed with two time 
constants: - 0.1 s, which may represent Ca*+ diffusion 
away from the entry sites, and 10 8, probably reflecting 
Ca*+ extrusion. Extrusion occurs mainly via a CaAT- 
Pase that can be blocked by vanadate. We suggest the 
hotspots are microdomains of Ca*+ attaining a concen- 
tration of at least 85 PM near assemblies of synaptic 
release sites. 
Introduction 
Neurons may employ ionized calcium (Ca’+) as an intracel- 
lular messenger to signal fast events, since typically it 
has a short lifetime before being bound by cytopiasmic 
proteins. As a consequence, the signal’s range of action 
can be extremely localized (Allbritton et al., 1992; Clap- 
ham, 1995). Large excursions in Ca*+ concentration may 
be confined to less than 0.5 trrn from the site of entry by 
rapid buffering, a property that could enable the ion to 
control diverse processes in different parts of the cell. This 
is exemplified in hair cells, the specialized sensory neu- 
rons of the inner ear, where Ca2+ is involved in several 
facets of transduction (Fettiplace, 1992; Lenzi and Rob- 
erts, 1994). At the input, Ca2+ sets the transducer’s op- 
erating range by causing the mechanoelectrical trans- 
ducer channels in the hair bundle to adapt (Eatock et al., 
1967; Crawford et al., 1989; Hacohen et al., 1989); it also 
gates calcium-activated K’channels that tune the receptor 
potentials (Art and Fettiplace, 1967; Fuchs et al., 1968; 
Hudspeth and Lewis, 1988) or implement efferent inhibi- 
tion (Shigemoto and Ohmori, 1991; Fuchs and Murrow, 
1992); and, at the output, it triggers exocytosis (Parson 
et al., 1994), delivering chemical transmitter to the afferent 
dendrites. Each of these cellular processes is confined to 
a separate region of the hair cell and is likely to have its own 
regulatory apparatus with specific calcium requirements. 
Thus, the adaptive state of the transducer channels at the 
tips of the stereocilia will need to be controlled indepen- 
dently of the tuning mechanism or release of transmitter 
20 km away at the basolateral pole of the cell. To permit 
coordination of these disparate processes, cytoplasmic 
Ca2+ levels are likely to be tightly constrained and spatially 
heterogeneous. 
Cochlear hair cells encode sound pressure changes as 
oscillatory receptor potentials that are conveyed across 
an afferent synapse to the auditory (Vlilth) nerve terminals. 
Actions potentials are not generated by the hair cells them- 
selves but are first triggered in the auditory nerve fibers. 
For tonal stimuli, the impulse discharge in the auditory 
nerve is “phase-locked” to the acoustic stimulus up to fre- 
quencies of at least 1 kHz (Crawford and Fettiplace, 1960; 
Kiang, 1964) implying that transmitter is being secreted 
from the hair cells in bursts synchronized with the cycles 
of the stimulus. To achieve such high frequency transmis- 
sion requires rapid modulation of CaZ+ in the vicinity of the 
release sites, its concentration rising and falling in tandem 
with the fluctuations in membrane potential. At the turtle 
hair cell’s resting potential of -5OmV (Crawford and Fetti- 
place, 1980) the noninactivating Ca2+ channels are par- 
tially turned on, so that depolarizations will increase and 
hyperpolarizations will decrease their probability of open- 
ing, thus augmenting or diminishing the Ca*+ influx. The 
speed of transmission has been used to argue that the 
Ca’+ channels are positioned near the site of vesicle accu- 
mulation and exocytosis. Both modeling (Simon and Lli- 
nas, 1965; Yamada and Zucker, 1992) and direct mea- 
surements (Llinas et al., 1992; Heidelberger et al., 1994) 
have suggested that the Ca2+ in nerve terminals exists as 
microdomains at the release sites, where it may transiently 
attain a concentration in excess of 100 WM. Evidence has 
also been presented for such microdomains in hair cells 
derived from loose patch recordings (Roberts et al., 1990) 
that indicates the colocalization of calcium and calcium- 
activated K+ channels and synaptic active zones. The 
close apposition of these elements would allow the rapid 
gating of calcium-activated K+ channels needed for electri- 
cal resonance and for support of high frequency synaptic 
transmission. Here, we describe direct measurements of 
the Ca*+ distribution in isolated hair cells. To achieve suffi- 
cient resolution to reveal the spatial heterogeneity, we 
have employed real-time confocal microscopy to monitor 
the fluorescence from Calcium Green 5N, a low affinity 
Ca’+ indicator. Our results confirm the presence of such 
microdomains and yield estimates of at least 100 PM for 
the peak Ca2+ concentration. They also provide informa- 
tion about the factors influencing the dissipation of the 
microdomains. 
Results 
Hotspots of Intracellular Ca2+ 
The main route for Ca2+ entry into hair cells is via voltage- 
dependent calcium channels, whose properties have been 
described in a number of species (Ohmori, 1964; Art and 
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Figure 1. Confocal Images of an Isolated Turtle Hair Cell Filled with 100 I.IM Hexapotassium Salt of Calcium Green 5N 
Images, shown in pseudocotor, are from top left: before, 33 ms after, 100 ms after, and 300 ms after the start of a depolarizing voltage step from 
-50 to -20 mV. The pseudocotor scafe representing pixel intensity from 0 to 255 gray levels is shown on the right. Note the appearance and 
growth of three large and two small regions on the sides of the basolateral membrane, thought to be sites of CaPi entry. The hair bundle is at the 
top and the patch pipette is on the right. 
Fettiplace, 1987; Hudspeth and Lewis 1988; Fuchs et al., 
1990; Art et al., 1993). They are sustained L-type channels, 
blocked by 20 uM nifedipine, and they open at membrane 
potentials positive to -55 mV. The average onset of the 
current can be described by a Hodgkin-Huxley second- 
or third-order relationship with time constant <l ms. The 
calcium current was isolated by using Cs+ as the major 
intracellular cation to abolish the large-conductance cal- 
cium-activated K+ current that forms the basis of electrical 
tuning in turtle hair cells. Ca*+ loads were imposed on the 
cells by depolarization, in most cases from -80 to -20 mV 
for periods of several hundred milliseconds. This stimulus 
evoked close to a maximal inward current, with amplitudes 
ranging from 0.4 to 1.2 nA in different cells with membrane 
capacitances of 13 f 2 pF. Depolarizing voltage steps, 
when combined with imaging, elicited an increase in fluo- 
rescence around the base of the hair cell. Under confocal 
conditions, the change in fluorescence was seen to be 
confined to a number of discrete regions or “hotspots.” 
Figure 1 shows confocal images collected before and at 
various times during a 300 ms depolarizing step revealing 
three large and two small spots. The central region of each 
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spot was usually le,ss than 1 urn in extent in the first image, 
but enlarged in successive images. At the spot’s center, 
the fluorescence intensity increased with time during the 
depolarization and had largely returned to baseline a few 
hundred milliseconds after the end of the voltage pulse 
(Figure 2A). 
The number of spots was quantified by averaging up 
to nine images during a 300 ms depolarizing voltage pulse, 
then subtracting the background averaged just prior to the 
depolarization. Between one and six such hotspots were 
visible in the subtracted images (mean = 3.9 + 1.8, n = 
17). These spots were situated at the perimeter of the cell 
adjacent to the nucleus and were exclusively in the basal 
half of the hair cell at the opposite pole to the rather weakly 
stained hair bundle. Owing to the noise in the subtracted 
images, it was sometimes difficult to decide whether an 
irregularly shaped hotspot was formed by the fusion of 
multiple spots, and we were unable to detect a correlation 
between the number of spots and the size of the calcium 
current. If these hotspots correspond to synaptic release 
Figure 2. Temporal and Spatial Properties of 
the Cal+ Signal 
(A) Change in fluorescence for the cell of Figure 
1 in response to a 300 ms depolarization to -20 
mV. starting at time zero. The current record 
is shown at bottom, and above IS the change 
in fluorescence, AF, normalized to the resting 
fluorescence F, for a 2 urn diameter region 
overlying one of the hotspots at the base of the 
cell (trace b) and for a 2 urn diameter region 
overlying the cuticular plate at the apex of the 
cell (trace a). The inset gives the fluorescence 
changes on a slower time scale. 
(E) Growth of the three large hotspots in Figure 
1 with time after the onset of the voltage pulse, 
the key to different symbols being given in the 
sketch of the cell shown in the inset. In each 
frame a contour at a fixed gray level was drawn 
around the spots (see text) and the enclosed 
area calculated. The line is a least-squares fit 
to all of the points with a slope of 108 ~mzs 1 
3000 
2500 
sites, which are also restricted to the hair cell’s base, then 
they should be distributed randomly around the sides of 
the hair cells; thus, any given confocal section of axial 
resolution l-2 urn would include only a subset. To exam- 
ine this possibility, in some experiments a series of focal 
sections was taken through the cell; these demonstrated 
that each spot had a limited vertical extent and disap- 
peared in some sections. However, the total number of 
separate spots counted by focusing throughout the cell 
rarely exceeded six. 
Hotspots Require Voltage-Dependent Ca2+ Influx 
The fluorescence hotspots most likely embody microdo- 
mains of intracellular Caz+, and their expansion reflects 
diffusion of Ca’+ away from discrete entry sites. Two proce- 
dures were employed to quantitate the growth of the spot. 
In one method, a contour at a fixed gray level was drawn 
around the hotspot to delineate the enclosed area in each 
frame. In an alternate method, the contour around the spot 
was constructed to yield a given average gray level for 
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Figure 3. Voltage Dependence of Ca2+ Entry 
At the top are the fluorescence changes and 
AF/F= 1 currents for 300 ms voltage steps from -80 mV 
to the potentials given beside the traces. Below 
IS is a plot of the peak calcium current (IQ) and 
fluorescence change (AFIF) at a hotspot. The 
ordinates have been scaled to superimpose the 
two sets of points, and the smooth curve has 
been drawn by eye. Also plotted is the peak 
amplitude of the slow tail current, which is 
thought to result from activation of an apamin- 
sensitive Ca*+-activated K+ channel. 
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the enclosed pixels. As the spot expanded, the contour 
had to be enlarged to produce the same average gray 
level. For a given hotspot, the two methods yielded similar 
results; moreover, matching behavior was obtained for 
different spots in the same cell (Figure 26). Plots of the 
areal growth versus time were approximately linear and 
gave a mean slope of 65 f 27 nmW (n = 15). The slope 
is determined to a large extent by the apparent diffusion 
coefficient for Ca2+, though it will also be influenced by the 
threshold concentration used in constructing the contours. 
Other things being equal, the rate of growth of the spots 
therefore provides a measure of the diffusion rate for cal- 
cium. The values obtained for the slopes are comparable 
to the range of diffusion coefficients of 15-65 nm*s-’ re- 
ported for Ca*+ in cytoplasm (Allbritton et al., 1992): the 
smaller value corresponds-to Ca2+ bound to buffer, and 
the larger value tends toward the diffusion of free calcium. 
There are two pieces of evidence that the presence of 
the spots required influx of Ca*+ through voltage-depend- 
ent channels. First, the amplitude of the fluorescence at 
the end of the voltage step possessed a “W-shaped depen- 
dence on membrane potential identical to that of the cal- 
cium current (Figure 3). The time course and amplitude 
-4 
-2 
a0 
of the change in fluorescence (derived from the average 
gray levels in successive images in a small 2 pm diameter 
region centered on the spot) were both comparable to 
those of the inward current (Figure 2A and Figure 3, top). 
The fluorescence amplitude was maximal at -15 mV and 
became indistinguishable from the noise for membrane 
potentials negative to -50 mV and positive to +60 mV. 
Second, a given hotspot could be reversibly extinguished 
by local application of a low Ca*+ solution (Figure 4). This 
experiment was performed by pressure-ejecting from a 
micropipette a saline containing 1 PM Ca2+ in the middle 
of a depolarizing voltage step. The membrane potential 
during the step was 0 mV, which is near the reversal poten- 
tial of the nonselective current that flows through calcium 
channels in 1 PM Ca*+ (Art et al., 1993). If the tip of the 
pipette was positioned close to one of the spots, it was 
possible to achieve sufficient spatial resolution to sup- 
press a given hotspot without affecting neighboring spots, 
on either the same side or opposite side of the cell. Such 
a maneuver was associated with a rapid reduction in the 
inward current (Figure 48) by about 100 pA (mean in three 
different cells = 101 2 31 PA). If it is assumed that no 
current flows through those hotspots that vanish in 1 nM 
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Figure 4. Extinction of One of the Hotspots by 
Local Application of a 1 PM Ca2’ Solution 
(A) Confocal images of a hair cell at the end 
of a 500 ms depolarization to 0 mV, showing 
four hotspots, (left)control, and (right)following 
a “puff’ of low Ca2* solution. 
(B) Superimposed fluorescence changes for a 
region overlying the extinguished spot (above) 
and the membrane currents (below) of the con- 
trol and during delivery of the low Cai., the tim- 
ing of which is shown by the bar. 
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Cap+, then the reduction in current provides a rough guide 
to the amount df Ca” current normally flowing though a 
hotspot. Assuming that the unitary current in 5 mM exter- 
nal Ca” is about 0.5 pA (extrapolated from data of Art et 
al., 1993, 1995) then the domains each have about 200 
Ca2+ channels. These collected experimental observa- 
tions support the notion that Ca2+ is entering the hair cell 
through voltage-dependent channels clustered in a few 
sites on its basolateral surface and is then diffusing away 
intracellularly. 
Time Course of Fluorescence Change 
The time course of the fluorescence change in different 
parts of the cell was determined by averaging the gray 
levels in small, normally circular regions with a diameter 
of 2 urn. If the measurement window was centered over 
a hotspot, the fluorescence intensity increased rapidlydur- 
ing the depolarization, and then on repolarization it dissi- 
pated with two time constants (see Figure 2A, trace b). 
The major decay in fluorescence occurred with a fast time 
constant of - 100 ms, but there was also a slower time 
constant of more than 10 s. The slow component was 
usually less than one fifth the amplitude of the fast one. The 
value of the fast time constant depended on the duration of 
the preceding voltage pulse and on the intracellular Ca” 
buffer (Figure 5C). Most of the measurements were made 
with pipette solutions containing 0.5 or 1 mM EGTA. For 
these buffer concentrations, and with 0.2-0.5 s depolanz- 
ing pulses, the time constants had mean valuesof 0.119 2 
0.057 s (n = 44) and 10.8 + 11.2 s (n = 35) respectively. 
These means represent measurements on 22 cells, with 
multiple values at different pulse durations being derived 
from a given cell. In - 20% of the measurements, no slow 
time constant was detectable. Hotspots were clearly ob- 
served when 0.1 or 0.5 mM BAPTA was used instead of 
EGTA as the calcium buffer in the pipette solution. How- 
ever, in three experiments, when the concentration of 
BAPTA was raised to 5 mM, the responses for a given 
pulse duration were attenuated and recovered more rap- 
idly, and the spots required longer voltage pulses to ap- 
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Figure 5. Effects of Pulse Duration and Buffer on Hotspot Ca*+ Transients 
(A) Comparison of the Ca2+ fluorescence for a hotspot and currents for depolarizations from -80 to -20 mV in two hair cells recorded with different 
Ca2+ buffers. A typical response (trace E) was recorded for a 300 ms pulse with an intracellular solution containing 0.5 mM EGTA as the CaZ+ 
buffer. In another cell (trace B) recorded with 5 mM BAPTA as the Ca*+ buffer, it was necessary to use a 1 s depolarization to obtain a comparable 
change in fluorescence, no response being detectable for a 300 ms pulse. 
(B) Fluorescence change of a hotspot for depolarizations from -80 to -20 mV for durations of 300, 500, and 800 ms. Inset shows same responses 
on a slower time scale. The response amplitude grows and the recovery is more prolonged, the larger the Ca2+ load. 
(C) Dependence of the fast time constant of the decline in fluorescence on pulse duration derived from fits to records like those in (B). For these 
fits, the time constant of the slow component was 15 s. 
(D) Effects of 0.4 pM apamin on the time course of the Inward current for steps from -80 to -20 mV. The decline in current during the pulse and 
the slow tails in the control (trace C) were largely abolished after treatment with apamin (trace Ap). 
pear. These differences are illustrated in Figure 5A. In 
comparison to the typical response to a 0.3 s stimulus with 
0.5 mM EGTA in the pipette solution, with 5 mM BAPTA 
there was little response at 0.3 s. To obtain a change com- 
parable to that with 0.5 mM EGTA, it was necessary to 
prolong the stimulus for 1 s. Another manifestation of the 
stronger buffer’s action was its ability to reduce the rate 
of growth of the spots. Thus, with 0.1 mM BAPTA, the 
spots expanded at a rate 42 & 19 Fm?sl (n = 3) but 
with 5 mM BAPTA the growth was slowed to 9 f 5 pm?-’ 
(n = 4). This latter value is also well outside the range 
found with 0.5 or 1 mM EGTA. The effect of increasing 
the Ca*+ buffer therefore was to produce a more localized 
elevation in Cap+. 
As the depolarizing voltage pulse was lengthened, both 
the amplitude of the fluorescence change and the time 
constant of the fast decline in fluorescence at the end of 
the pulse increased (Figures 56 and 5C). If the measure- 
ment window was placed at the top of the cell, beneath 
the hair bundle, the fluorescence change was smaller and 
slower, with kinetics dominated by the slow time constant 
(Figure 2A, trace a). In many cases when the duration 
of the voltage pulse was short, no slow component was 
measurable over the spots, and then no fluorescence 
change was detectable at the apex of the cell. The func- 
tional implication is that, for brief fluctuations in membrane 
potential, the changes in Ca*+ will be confined to the hot- 
spots, and there will be little or no ensuing variation in Ca2+ 
concentration at the apex of the cell near the transducer 
channels. The difference in time courses between the two 
cellular regions suggests that the fast component of fluo- 
rescence reflects diffusion of Ca2+ away from the hotspot, 
whereas the slow component represents removal of CaZ+ 
from the cytoplasm. The slow component is still one tenth 
the time constant for diffusional exchange with the pipette 
(see Experimental Procedures) and is therefore probably 
due to a cellular process such as Ca*+ pumping. 
Ca2+ Removal from beneath the Membrane 
Records of the membrane current during prolonged depo- 
larizing voltage steps (e.g., Figures 2A, 48, and 6A) all 
show a decline in inward current during the step and a 
slow component of inward tail current on repolarization to 
-80 mV. Both the sag in current during the depolarization 
and the slow tail current depended on the amplitude and 
duration of the preceding voltage step, suggesting that 
they were reporting the cells Ca2+ load. The properties 
of this current are inconsistent with those of an Na/Ca 
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Figure 6. Vanadate Blocks Ca2’ Extrusion 
(A) Superimposed responses to 500 ms depo- 
larizing steps to -20 mV, currents shown at top 
and fluorescence below. The patch electrode 
was back-filled with a Cs+-based intracellular 
solution containing 1 mM sodium vanadate. 
The fluorescent response was taken from the 
rim around the basal pole, which included 
several hotspots. As the vanadate washed In, 
the decline in current during the pulse be- 
came more pronounced, the tail current was 
more prolonged, and the Ca*+ fluorescence in- 
creased. Inset shows fluorescence changes on 
a slower time scale, averaged over the basal 
half of cell: the “staircase” suggests that Cal’ 
was no longer being removed. 
(B) The Ca2+ load, calculated from the peak 
amplitude of the inward current multrplied by 
the duration of the voltage step, IS plotted 
against the increment in intracellular free Ca2* 
calculated from staircases similar to that In (A). 
The lines are fits with slopes of 313, 202. and 
132 for three different cells. 
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exchange current. There are a several lines of evidence 
(T. T. and Ft. F., unpublished data) to indicate that the tail 
current flows through calcium-activated K+ channels that 
are not blocked by intracellular Cs’. First, the tail current 
was abolished by removal of extracellular K+, and both it 
and the decline in inward current during the voltage step 
were blocked by apamin (Figure 5D). Apamin, which is 
a commonly-used blocking agent for small-conductance 
calcium-activated K+ channels (Blatz and Magleby, 1986; 
Lang and Ritchie, 1990) slightly augmented the peak am- 
plitude of the inward current (mean fractional increase in 
3 cells, 0.13 + 0.13). Second, the tail current’s amplitude 
had a voltage dependence that paralleled that of the cal- 
cium current (Figure 3, bottom), and it was abolished over 
the entire voltage range by 20 PM nifedipine. Third, the 
sag in current during the voltage step was not seen when 
N-methyl glucamine (NMG) was used instead of Cs’ as 
the intracellular cation. These observations may be ex- 
plained by assuming that during the depolarization, accu- 
mulation of intracellular Ca2+ close to the membrane acti- 
vates a K’ channel that is also partially permeable to Cs-. 
This K+ channel is distinct from the large-conductance cal- 
cium-activated K’ channel involved in electrical tuning. 
Cs’ flowing out through this channel during the step 
causes a sag in the inward current, whereas the slow tall 
current at the end of the pulse is due to K‘ flowing In 
through the channel. 
The inference that the current response is shaped by 
this additional K+ conductance is important for two rea- 
sons. It accountsforthedecline in current during thedepo- 
larization, establishing that this is not due to inactivation 
of the calcium channels. Furthermore, the slow tail current 
can provide an ancillary monitor of the time course of Ca*+ 
clearance from under the membrane to contrast with the 
indicator measurements. Although a detailed comparison 
is not documented here, it is sufficient to note the similarity 
between the tail current and the initial fast decline in fluo- 
rescence, particularly with respect to the changes pro- 
duced by interfering with Ca’+ removal (e.g., Figure 6). 
The similarity in response argues that the indicator is moni- 
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toring the Ca*+ in the vicinity of the membrane with reason- 
able fidelity. 
All of the data presented so far were gathered with the 
low affinity indicator Calcium Green 5N, which had s disso- 
ciation constant (KD) for Ca*+ of at least 25 ufvl as calibrated 
both in vitro and in the cell (see Experimental Procedures). 
Some experiments were also performed with the high af- 
finity indicator Calcium Green 2, which has a reported K. 
of 0.6 PM. Hotspots were still detectable with the latter 
indicator; however, the fast component of the fluores- 
cence change at the center (when expressed as AFIF) 
was significantly blunted compared with Calcium Green 
5N, and the slow component dominated the recovery. Fur- 
thermore, the fluorescent intensity at the center of the 
spot appeared to be saturated. Thus, at the end of an 
experiment when the membrane was permeabilized and 
the cell loaded with Ca2+, the fluorescence intensity was 
no larger than the peak values during the voltage pulses. 
The saturation of the fluorescence suggests that the Ca*+ 
levels were in excess of 6 uM, which is ten times the KD 
of the indicator. In contrast, with Calcium Green 5N, the 
fluorescence intensity in the hotspots was never saturated 
during the normal depolarizing voltage pulses, arguing 
that the average Ca*+ concentration in the pixels at the 
center of the hotspot is less than -250 $vl, ten times the 
K. of the indicator. An attempt was made to bracket more 
closely the Ca2+ concentration by comparing the fluores- 
cent intensity with calibrations performed in vitro and in 
the cell (see Experimental Procedures). From experiments 
using the 40 x 0.75 NA objective, the average concentra- 
tion in a 2 urn diameter circle overlying the spot was 38 -c 
31 pM (n = 21) at the end of 300-500 ms depolarizations. 
A better measure of the local Ca*+ concentration at the 
center of the hotspot was obtained in experiments using 
the 40 x water-immersion C-apochromat. With an NA of 
1.2, this had superior lateral and axial resolutions, allowing 
use of measurement windows 1 urn or smaller in diameter. 
In three such experiments, the Ca2+ concentration at the 
end of a 300 ms depolarizing pulse to -20 mV was 85 + 
38 PM. 
Factors Affecting the Hair Cell’s Caa+ Metabolism 
There are two general mechanisms employed in neurons 
for transporting Ca*+ across membranes: an N&a ex- 
changer and CaATPase (Schatzmann, 1989; Blaustein et 
al., 1991). The former mechanism usually exchanges one 
Ca2+ ion for three Na+ ions and utilizes ATP only indirectly, 
relying primarily on the energy in an Na+ gradient that was 
initially established though an NafK ATPase. In contrast, the 
latter mechanism directly hydrolyzes ATP to pump Ca*+ ions 
against their concentration gradient. The CaATPase, like 
other P-type ATPases, is blocked by low concentrations of 
the phosphate analog, vanadate (Pedersen and Carafoli, 
1987). To probe for the existence of an Na/Ca exchanger, 
external Na+ was replaced by Li+, which is known not to 
substitute for Na+ in the exchange mechanism (Blaustein 
and Hodgkin, 1969). This ionic replacement had little effect 
on the resting fluorescence as measured with the low affin- 
ity Ca*+ dye, nor did it alter the time course of the decline 
in fluorescence following a prolonged depolarizing step 
(see Figure 8B). However, a small but rapidly reversible 
reduction of lo%-20% in the amplitudes of the calcium 
current and fluorescence change were often observed. 
The reason for this reduction in current is presently un- 
known. While it is difficult to completely discount the contri- 
bution of an Na/Ca exchange mechanism to Ca*+ homeo- 
stasis in hair cells (see lkeda et al., 1992), much more 
striking effects were observed on introducing agents that 
would interfere with a CaATPase mechanism. First, perfu- 
sion of the cytoplasm with 10 uM vanadate (data not 
shown) invariably lengthened and amplified the inward tail 
current. However, after treatment with 1 mM vanadate, 
the tail current following a depolarizing step became so 
prolonged that it had not recovered in time for the next 
stimulus. Under these conditions, both the tail current and 
the Ca*+-fluorescence acquired a staircase appearance 
(Figure 6A), suggesting that each Ca*+ load produced an 
increment in cytoplasmic Ca*+ that was no longer being 
cleared. These observations argue for a central role for 
a CaATPase in maintaining the hair cell’s CaZ+ balance. 
Recordings typically lasted for more than 30 min, during 
which time most of the diffusable intrinsic buffer may have 
been lost from the cell, leaving only the extrinsic buffer, 
EGTA or BAPTA, from the pipette solution. An estimate 
of the residual buffering capacity of the cytoplasm was 
obtained from the fluorescence staircase in the presence 
of 1 mM vanadate. Under these conditions, it is assumed 
that extrusion had been totally nullified and that all of the 
Ca*+ entering during a voltage step was captured by the 
buffers. Inaddition, thereisassumedto benoCa2+leakage 
from internal stores, and if such leakage occurred, it would 
lead to an underestimate in the cell’s buffering capacity. 
The Ca*+ load was derived from the peak size of the inward 
current times the duration of the voltage pulse, which as- 
sumes that the Ca*+ current does not inactivate. This as- 
sumption was justified by the effects of apamin or the use 
of NMG as the intracellular cation, both of which blocked 
most of the sag in inward current (see above). The free 
Ca*+ was calculated from the single-wavelength fluores- 
cence of Calcium Green 5N-as outlined in the Experi- 
mental Procedures-and plotted against the total Ca*+ 
load (Figure 6B). In three experiments, the slope of this 
plot was 216 2 91, which means that only -0.5% of 
the Ca2+ entering remained free. This estimate specifically 
refers to the buffer operating in the range of Cd+ concen- 
trations above 1 PM, and it provides no information about 
the high affinity buffers. For example, EGTA with a K. in 
the region of 0.1 PM would be largely saturated during 
this measurement. 
Direct evidence on the role of an intracellular CaATPase 
in Ca’+ trafficking was derived from use of 2,5-di-(t-butyl) 
hydroquinone (BHQ), a specific blocker of the endoplas- 
mic reticulum CaATPase (Kass et al., 1989). When admin- 
istered extracellularly at concentrations between 10 and 
50 PM, BHQ caused an increase in the resting Ca*+- 
fluorescence (Figures 7 and 8A); in addition, following a 
depolarizing step in the presence of BHQ, both the Ca*+- 
fluorescence and the inward tail current recovered more 
Calcium Hotspots in Hair Cells 
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Control 
25 pM BHQ 
255 
1Opm 
Figure 7. Endoplasmic Reticulum CaATPase Contributes to Ca2+ Balance 
Confocal images of a hair cell showing the effects of 25 FM 2.5di-(t-butyl) hydroquinone (BHQ) on the Ca ?’ fluorescence before (left) and at the 
end of (right) a 500 ms voltage step to -20 mV. In the presence of BHQ to block the endoplasmic reticulum CaATPase, the resting fluorescence 
increased and the hotspots spread further. The pseudocolor scale representing pixel intensity from 0 to 255 gray levels is shown on the right 
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seconds 
slowly. For example, in Figure 8A, the fast decline in fluo- 
rescence at the end of the step was well fit with a time 
constant of 150 ms in the control; but after BHQ, this time 
constant increased to 700 ms. Some recovery was ob- 
tained on removal of the BHQ. Similar results were ob- 
tained in other cells, the time constant increasing by a 
factor of 3.1 -c 1.0 (n = 4) though in no case was BHQ 
observed to generate the staircase-like behavior seen with 
high concentrations of vanadate. One explanation would 
be that some removal of Ca*+ persists after uptake into an 
intracellular compartment has been blocked. The action of 
BHQ on the hotspots was to make them spread further, 
and as a consequence, the Ca*+ that had entered locally 
would have a much wider spatial influence; furthermore, 
the rate of growth of the spots in the presence of BHQ 
was 3-fold larger than in the controls, with a mean of 186 + 
38 urn%’ (n = 3). These effects are the opposite of those 
described above with 5 mM BAPTA as the intracellular 
Ca2+ buffer. Supplementary evidence for an internal cal- 
cium store was obtained by extracellular perfusion of 20 
mM caffeine, which produced a delayed and reversible 
elevation of Ca*+ throughout the cell, an effect similar to 
that reported in mammalian outer hair cells (Ashmore and 
Ohmori, 1990). 
The fluorescence imaging results obtained under confocal 
conditions indicate that a substantial portion of the Ca2+ 
influx during depolarization occurs at a small number of 
sites on the basolateral membrane of the hair cell. This 
would be consistent with a clustering of the voltage- 
dependent calcium channels. Such clusters have been 
previously postulated on the basis of loose-patch re- 
cordings (Roberts et al., 1990) and may be localized to 
Figure 8. Effects of BHQ and Li+ on the CaZ+ 
Transients 
(A) Changes in fluorescence in response to de- 
polarizing steps from -80 to -20 mV before 
and after external perfusion of 50 NM BHQ. The 
fluorescence measurements were made from 
a hotspot; the smooth lines are single-expo- 
nential fits to the fast decay in fluorescence 
with time constants of 150 ms in the control 
and 700 ms after BHQ. The responses are from 
a different cell to the one shown in Figure 7. 
(B) Changes in fluorescence in response to the 
same depolarizing steps before, during, and 
after replacement of the Na+ in the external 
solution with Li+ to block NeXaexchange. The 
smaller peak fluorescence in Lit is probably 
due to the reduction (here - 20%) in the ampli- 
tude of the calcium current. 
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the synaptic release sites identified by the presence of 
presynaptic dense bodies (Issa and Hudspeth, 1994). Hair 
cells from the turtle’s basilar papilla possess between 
about 17 and 85 such release sites (Sneary, 1988) the 
number varying with cellular location in the cochlea. The 
imaging experiments never revealed such a large number 
of Ca*+ hotspots even when a series of focal sections were 
taken throughout the cell. One explanation would be that 
some of the release sites are sufficiently close to each 
other for their Ca2+ domains to coalesce during a long 
depolarization. Therefore, the hotspots visible in the im- 
ages might correspond to regions where several release 
sites are closely apposed (see figure 6 of Sneary, 1988). 
Such conglomerations of calcium channels may allow the 
local intracellular Ca2+ concentration to rise sufficiently 
high to be detectable in the imaging experiments. In view 
of this complication, it is difficult to make a quantitative 
assessment of the fraction of the cell’s calcium channels 
clustered at the synaptic release zones: it is still possible 
that some fraction of the calcium channels is distributed 
more uniformly over the remainder of the basolateral mem- 
brane. 
Previous recordings of single calcium-activated K’ 
channels indicated that these channels were distributed 
over the entire basolateral membrane of turtle hair cells, 
with the highest density in the most basal half (Art et al., 
1995). If the voltage-dependent Ca*+ channels and the 
calcium-activated K+ channels are also colocalized in hair 
cells of the turtle, as has been concluded in the bullfrog 
(Roberts et al., 1990) then this suggests that the mecha- 
nism responsible for confining these two channel types to 
the synaptic release zones is imperfect and that a low 
density of channel pairs may exist away from the release 
sites. It should be noted that, since the hotspots expanded 
with time during the voltage step, and eventually disap- 
t;s.;um Hotspots in Hair Cells 
peared on repolarization, they are quite different from the 
staining of the presynaptic bodies previously reported 
(Issa and Hudspeth, 1994) in the presence of the Ca2+- 
sensitive dye flue3. 
To observe spatial heterogeneity in the free Cd’, it is 
necessary to employ an imaging technique. Disadvan- 
tages of such methods include a limited temporal resolu- 
tion imposed by the frame rate and limited spatial resolu- 
tion due to collection of fluorescent emission from regions 
of the object above and below the focal plane of the objec- 
tive. The latter problem is partly ameliorated by use of 
confocal microscopy(e.g., see Pawley, 1995) with optimal 
resolutions in the present experiments of - 1.5 urn axially 
and - 0.2 urn laterally. However, even under these condi- 
tions the fluorescent Ca’+ signal is averaged over dis- 
tances that may be larger than the spatial gradients. 
These factors could account for our inability to localize 
Ca2+ entry to individual release sites{ but we should em- 
phasize that the area of membrane encompassed by a 
synaptic release site in turtle hair cells is - 1 urn’ (Sneary, 
1988), comparable to the best resolution in our experi- 
ments. Nevertheless, the mean value of 85 PM at the cen- 
ters of the hotspots may still underestimate the Ca2+ con- 
centration at the release site. An independent assessment 
may be derived from the Ca2+ sensitivity of the calcium- 
activated K+ channels that underlie electrical tuning in tur- 
tle hair cells. From single-channel recordings, we inferred 
that a Ca’+ concentration of 50 uM was required to achieve 
full activation of the K’ channels in the intact cell at a 
membrane potential of -35 mV (Art et al., 1995). Using 
the voltage dependence in Figure 3 allows extrapolation 
of this concentration to 117 uM at the membrane potential 
corresponding to the peak Ca2+ current where the images 
were obtained. 
The large excursions in Ca2+ near the basolateral mem- 
brane would be deleterious or disruptive if transmitted to 
the center of the cell or to the transducer channels in the 
hair bundle. What factors are responsible for restricting 
the spread of CaZ+ from the hotspots? Calcium handling 
involves buffering followed by extrusion via a surface 
membrane CaATPase. The buffering mechanisms include 
both a variety of Ca2+-binding proteins and also intracellu- 
lar compartments like the endoplasmic reticulum and mito- 
chondria. The estimate of - 200 for the buffering capacity 
of the hair cell may refer to only one cytoplasmic constit- 
uent, the relatively low mobility and low affinity fraction of 
the Ca*+-binding proteins, which will not include diffusable 
buffers like calbindin 28K that are known to be concen- 
trated in the hair cell (Oberholtzer et al., 1988). For exam- 
ple, saccular hair cells have been shown to contain a mo- 
bile Ca”+ buffer equivalent to - 1 mM BAPTA (Roberts, 
1993). Besides the cytoplasmic Ca*‘-binding proteins, the 
intracellular compartment and its CaATPase could also 
contribute to buffering of Ca*+. The location of this com- 
partment is not yet established, but whatever its identity, 
it should serve to isolate the hair bundle and the transduc- 
tion apparatus (Chabbert et al., 1994) from the basolateral 
membrane where the voltage-dependent calcium chan- 
nels reside. It is worth noting the existence in outer hair 
cells of the mammalian cochlea of multiple layers of cister- 
nae lining the lateral membranes (Saito, 1983). The cister- 
nae stain densely for CaATPases (Schulte, 1993) and may 
be a specialization to shield the cell interior from large 
membrane Ca2+ fluxes. 
Experimental Procedures 
Electrophyoiology 
Experiments were performed on hair cells isolated from the bastlar 
papilla of the turtle Trachemys scripta elegans (for methods, see Art 
and Fettiplace, 1967). Cells were plated in an extracellular solution 
containing 125 mM NaCI, 4 mM KCI, 5 mM CaC&, 10 mM glucose, 
and 10 mM NaHEPES (pH 7.6) onto a clean coverslip mounted on the 
stage of a Zeiss Axiovert 10 microscope. Voltage-dependent calcium 
currents were recorded using whole-cell patch electrodes (resistances 
3-5 MQ) filled with a solution containing 125 mM CsCI, 3 mM MgC12, 
2.5 mM Na2ATP (a Ca2+ buffer), and 5 mM HEPES (neutralized to pH 
7.2 with CsOH); the Ca*+ buffer was either EGTA (0.5-2 mM) or BAPTA 
(0.1-5 mM). With 5 mM BAPTA, the CsCl was reduced to 115 mM. 
The pipette solution also contained 0.1 mM hexapotassium salt of 
Calcium Green 5N (Molecular Probes, Eugene, OR), or in a few experi- 
ments, a higher affinity Ca2+ indicator, Calcium Green 2. Cells were 
voltage-clamped at a holding potential of -60 mV and Ca2* influx was 
elicited by depolarizing for durations of between 0.1 and 1.5 s at a 
repetition rate of 1 per 90 seconds. For most of the experiments de- 
scribed, a 60 mV step to -20 mV, evoking close to a maximal steady- 
state calcium current, is illustrated. External perfusion of a cell was 
accomplished with an assembly of pan-pipes connected to a perfusion 
pump, a given channel being remotely selected by means of a minia- 
ture solenoid valve. A 1 uM calcium saline was applied to local regions 
of the hair cell by pressure ejection from a pipette with a tip diameter 
of 1 urn. Introduction of blocking agents like sodium vanadate into the 
cytoplasm was achieved by filling the tip of the patch pipette with the 
control solution and then back-filling the pipette with the test agent. 
This allowed a number of control responses to be acquired prior to 
diffusion of the blocker into the cell, which took - lo-15 mm. From 
the electrodes’ access resistances of lo-20 MQ, the time constant of 
equilibration of Ca*+ dye or buffer in the pipette solution with the cell 
interior was estimated (Oliva et al., 1968) as 2-4 min. Membrane cur- 
rents were stored on a Sony PC-106M DAT recorder at a bandwidth 
of 20 kHz. Experiments were performed at a temperature of - 23% 
Results are expressed as means t 1 SD. 
Confocal Microscopy 
For fluorescence measurements, hair cells were illuminated with the 
466 nm line of a 300 mW argon ion laser; and the fluorescence images, 
obtained with a 515 nm long-pass filter, were collected by means of 
an Odyssey real-time laser-scannlng confocal microscope (Noran In- 
struments, Middleton. WI) connected via the bottom TV (Keller) port 
of the Zeiss optical microscope. Cells were wewed with a 40 x 0.75 
NA plan-neofluar or a 40 x 1.2 NA water immersion C-apochromat 
objecttve, and further magnified with either a 2.5 x optivar or the Odys- 
sey’s computer-controlled zoom The thickness of the confocal section 
could be varied by selecting different detection skts with widths from 
10 to 100 Mm; narrower slits gave better axial resolution but a less 
brlght image. As a compromise, either a 15 pm or 50 pm slit was 
employed, the smaller slit corresponding to an axial resolution of - 1 5 
nm with the C-apochromat and 3.5 nm with the plan-neofluar To en- 
sure a stable baseline, it was found to be important to minimize the 
laser intensity. The Odyssey generated an RS-170 video-rate signal 
at 30 interlaced frames per second, and the frame trigger of the video 
signal was employed to trigger the voltage-clamp pulses in order to 
synchronize their timing with the start of an image. The images were 
recorded on videocassette using a Sony S-VHS recorder (SVO- 
9500MD). Subsequent analysis was performed with the MetaMorph 
software package (Universal Imaging, West Chester, PA), following 
capture of sequential Images into memory of a Pentium computer 
equipped with a Matrox LC image board. To follow the time course 
of a fluorescence change, the brightness-over-time function in Meta- 
Morph was applied to small regions of the cell, normally of diameter 
20 pixels, equivalent to - 2 pm. The time course was then averaged 
over multiple presentations of the same stimulus 
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Calibration of Fluorescence Signals 
In some experiments the magnitude of the fluorescence signal, F, 
obtained with Calcium Green 5N was converted into a calcium concen- 
tration, [Ca?+], using the equation: 
[Cap+] = KD(f - f’)/(l - f) 
where f F F/F,.,, f’ = F,,,/F,,, and K. is the calcium dissociation 
constant of the indicator. In vitro calibration of the indicator in a Hitachi 
F2000 spectrofluorimeter gave values of - 530 nm for the peak emis- 
sion wavelength (excitation 488 nm), 25 uM for the Ko, and 0.03 for 
f’, the ratio of the minimum to maximum fluorescence. The measured 
Ko falls within the range of 12-45 uhf reported by others (Escobar et 
al., 1994; Peretz et al., 1994; Yao and Parker, 1994). The indicator 
was calibrated in solutions based on 125 mM CsCl and on 100 mM 
KCI containing Ca*+ buffers described by Tsien and Rink (1980). A 
larger value of 0.07 for the ratio f’ was measured directly in the hair 
cell by filling cells either with an intracellular solution containing 10 
mM Na,BAPTA to give F,,,, or 5 mM Ca*+ to give F,,,. These values 
were used in converting the fluorescence to an absolute Ca*+ concen- 
tration. A value of F,.. differing by less than a factor of two from the 
5 mM Ca2+ calibration could also be obtained at the end of a recording 
by removing the holding potential and inducing a leak in the cell mem- 
brane. By perfusing cells with intracellular solutions buffered with 10 
mM dibromoBAPTA to free Ca2+ concentrations of 5, 16, and 28 uM, 
the K. for Calcium Green SN in the cell was determined as 32 pM. 
which is comparable to the value obtained in vitro. Calibration of the 
fluorescence signals was used to determine the increase in Ca2+ during 
a depolarizing step and also to estimate the buffering capacity of the 
cytoplasm. In the latter experiments, the Ca*+ extrusion mechanism 
was assumed to be completely blocked with 1 mM vanadate; the Ca2+ 
load was calculated from the peak size of the CaZ+ current times the 
duration of the voltage pulse, and the volume of the cell (- 2 pl) inferred 
from its dimensions. The fluorescence signal, F, was averaged over 
a horseshoe-shaped region covering the basal half of the cell but ex- 
cluding the nucleus. These nonratiometric calculations assume that 
spatial variations in the magnitude of the fluorescence change reflect 
alterations in CaZ+ levels rather than differences in dye concentration. 
To minimize the effects of nonuniformity of dye concentration, the 
same horseshoe-shaped region was used in performing the dye cali- 
brations in the cell. 
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